As most proteins required for mitochondrial biogenesis are controlled by nuclear transcription, tight communication is required between the two organelles. When cells sense environmental conditions that require enhanced mitochondrial function, signals reporting requirements for increase in mitochondrial mass lead to a coordinated biogenesis process involving transcription of both nuclear and mitochondrial genes [8] . The most dramatic increase in mitochondrial requirement in yeast occurs during the shift from fermenting to respiring. During fermentation on glucose the transcriptional regulation of mitochondrial gene expression is repressed and mitochondrial biogenesis is reduced. However when fermentable carbon sources are depleted, yeast undergo a transition, called a diauxic-shift, during which expression of mitochondrial genes that are encoded by the nuclear genome is dramatically induced [9] . Among the up regulated genes are genes of the mitochondrial transcriptional and translational apparatus, and subunits of the respiratory chain complexes [10] . Control of this transition is attributed to the transcription factor Hap4 that is induced by an order of magnitude during the diauxic-shift. Another transcriptional activator, Sip4, that interacts with Snf1, the "master regulator" of glucose repression [11] is also upregulated but its role is not yet clear. It is interesting to note that during this shift cells downregulate "cytosolic" translation machinery components such as tRNA synthetases, translation factors and ribosomal proteins. This most probably enables the dramatic increase in expression of mitochondrial ribosomal genes and emphasizes the cellular recruitment to mitochondrial biogenesis [12] .
Signaling from within mitochondria to the nucleus:
Additional feedback loops must exist to enable mitochondria to reach homeostasis following fluctuations in internal conditions or stress. When cells experience a drop in mitochondrial activity they should activate responses to enhance mitochondrial activity but in parallel they should upregulate alternate metabolic processes. Below are several such pathways that have been described ( Figure 1 ):
Retrograde signaling: One pathway that relays information regarding the state of mitochondria to the nucleus and activates both of the above mentioned processes has been dubbed "the retrograde pathway" [13] . The retrograde signaling pathway is controlled by the ReTroGrade regulation (RTG) proteins Rtg1, Rtg2 and Rtg3 [13] . Rtg1 and Rtg3 are basic helix-loop-helix/leucine zipper (bHLH/LeuZip) transcription factors that translocate from the cytosol to the nucleus upon activation and bind as hetero-dimers to a non-consensus GTCAC binding site on the DNA, inducing expression of mitochondrial genes [14] . Rtg3 must be dephosphorylated to become active [15] and therefore Rtg2 is the main pathway activator as it binds and inhibits the kinase of Rtg3, Mks1 [16] [17] [18] . However, Mks1, as the main inhibitor of the pathway is also regulated by other means such as ubiquitination by the SCFGrr1 E3
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ubiquitin ligase leading to its degradation [19] . Aup1 has also been suggested as an upstream regulator of Rtg3 [20] . There are several outcomes of activating the retrograde pathway. One such outcome is the dramatic induction of CIT2, a peroxisomal citrate synthase [21] which is required to activate peroxisomal energy conversion. Cit2 is part of the glyoxylate cycle, which enables yeast to utilize two-carbon compounds, such as acetate and ethanol, as a sole carbon source [13] . Another gene that is highly activated is DLD3 that encodes for an isoform of d-lactate dehydrogenase. Dld3 is likely to be involved in regenerating NAD+, as NADH levels are probably increasing in respiration-deficient cells. RTG-target genes also include enzymes that are involved in the first three TCA-cycle steps, Cit1 (mitochondrial isoform of citrate synthase), Aco1 (aconitase) and Idh1 and Idh2 (subunits of the mitochondrial NAD+dependent isocitrate dehydrogenase complex). Under retrograde induction their regulation is switched from the control of the Hap2-5 transcription factors, which are involved in respiratory metabolism and activation of genes in response to growth in a non-fermentable carbon source [22, 23] , to Rtg1-3 regulation [13] . Since TCA cycle intermediates are important for transamination responses and production of amino acids, such as glutamate, this switch ensures that essential processes such as glutamate biosynthesis will continue to be functional. Indeed, mutants in RTG1 and RTG2 are auxotrophic for glutamate [24] .
The transcriptional response activated by the retrograde pathway is extensive and affects a myriad of processes such as amino-acid metabolism [25] , redox defense [26] , β-oxidation [13] , sphingolipid biosynthesis [27] and extension of replicative lifespan [28] . However which exact genes are required for each function was still not thoroughly worked out.
One well-studied trigger of the retrograde pathway is loss of mitochondrial DNA that results in PETite yeast cells (ρ0), which form smaller colonies due to slower growth on certain types of media. Retrograde signaling seems to also be controlled by nutrient status. For example, rapamycin treatment, which mimics nutrient starvation, was shown to activate the retrograde response [29] . Indeed, Lst8, an integral component of the two TOR (target of rapamycin) kinase complexes TORC1 and TORC2, negatively regulates the retrograde pathway acting both upstream and downstream to Rtg2. The upstream function of Lst8 is believed to be involved in the external glutamate sensing, which can consequently activate the retrograde response, however its downstream function is yet unknown.
Although mitochondrial dysfunction is clearly a trigger for the retrograde response, the exact signal that activates the pathway is yet to be found. Interestinglynone of the three Rtg proteins are found inside mitochondria and so it is obvious that the signal has to somehow first be transduced to the cytosol. One known and extremely direct signal transducer is ATP as a drop in ATP levels can be sensed by the ATP-binding domain of Rtg2, resulting in binding to Mks1 and to the activation of the retrograde pathway (By inhibition of its inhibitor) [13] . Another potential signal might be a reactive molecule such as hydrogen peroxide, or another type of Reactive Oxygen Species (ROS), that result from dysfunctional mitochondria. However there is no good evidence for this as of yet. Finally, loss of mitochondrial membrane potential is known to activate the retrograde response [30] . However, as membrane potential is essential to the function of numerous mitochondrial
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In general, while the retrograde pathway is obviously a central response to a reduction in mitochondrial activity it is not quite yet clear what exactly are the repertoire of conditions that activate it, what are the signals that are read by the pathway and what is the entire spectrum of its cellular remodeling.
Back signaling: Another form of mitochondria to nucleus signaling has been described to occur when a mitochondrial ribosomal protein of the large subunit was mutated (∆afo1). The loss of Afo1 lead to activation of a specific nuclear program causing extended lifespan and resistance to oxidants [31] . The exact chronological order of signaling in this pathway is unclear but it has been shown that the extended replicative lifespan is dependent on TOR signaling as well as on the transcription factor Sfp1, a central regulator of growth and ribosome biosynthesis. As there was no induction of Cit2 in the response, and cells were grown under glucose conditions, where the retrograde response was shown to be repressed, it was concluded that the pathway leading to the increased lifespan is not the RTG-dependent response [31] . However it was not tested whether "back-signaling" occurs in the absence of the RTG genes. It is not yet clear whether the back-signaling pathway also explains an additional case where mitochondrial translation was impaired by inactivation of Sov1, a translational activator of the mitochondrial ribosomal protein Var1 [32] . This inactivation was demonstrated to result in reduced cAMP-protein kinase A (PKA) signaling, elevation of Sir2, a conserved NAD + dependent histone deacetylase from the Sirtuin family [33], and robust Sir2-dependent extension of replicative life span [32] . If back signaling is indeed different from the retrograde response this implies that mitochondria have a diverse repertoire of transcriptional responses that they can activate to accommodate diverse functional changes and needs. Peptide mediated communication: Multiple different inputs seem to stem from mitochondria to the nucleus to report on the status of ATP generation during respiration. One such signaling pathway is mediated by respiratory-dependent degradation of mitochondrial proteins by ATP-dependent proteases. This proteolysis yields peptides that are released from the mitochondria and act as messengers to alter gene expression. When there is no respiration, no peptides are formed and this is sensed resulting in a transcriptional response. Since the genes induced in this pathway do not overlap with genes shown to be induced in the RTG-dependent response, and the gene expression pattern is distinct from the one observed in respiratory deficient cells, this pathway has been proposed to be different from the retrograde pathway [34].
Intergenomic signaling: One outcome of loss of mtDNA is inability to respire, which can be sensed by multiple parameters and can activate retrograde signaling. However, the mtDNA damage itself has been shown to activate a unique signaling cascade which is distinct from
This article is protected by copyright. All rights reserved. the one that is activated upon loss of respiration [35] . This DNA damage response, dubbed intergenomic signaling, causes down-regulation of nuclear-encoded units of the respiratory chain complexes. This ensures that while mitochondria are fixing their DNA, nuclearencoded subunits do not accumulate in the absence of the mtDNA encoded ones. Although it is not yet known who transmits the DNA damage signal it seems that Abf1 acts as the nuclear transcription factor mediating the response [36] . Thus intergenomic signaling is a mechanism for coordinating the expression of nuclear and mitochondrial subunits of the respiratory chain complexes.
Mitochondrial Ribosome Signaling: One signaling cascade that has not been elaborated in yeast yet but has been shown to occur in mammalian cells is mediated by stalled mitochondrial ribosomes and leads to blocking of cell proliferation. The transcriptional response induced expression of genes enriched in pathways for cell cycle regulation, p53 signaling, Mitogen-activated protein kinases (MAPK), cytosolic translation, and mitochondrial respiratory chain complexes [37] . As this occurred prior to the loss of mitochondrial respiration it was considered distinct from the above responses although this was never formally tested [37] . It would be interesting to see if a similar response occurs in yeast.
Pleiotropic drug resistance (Pdr) response: An additional RTG-independent signaling response is the activation of the pleiotropic drug resistance (Pdr) pathway, which is responsible for tolerance to a wide range of toxic agents and antifungal drugs [38] . Cells lacking mtDNA show a dramatic upregulation of the plasma-membrane ATP-binding cassette (ABC) transporter Pdr5. Pdr5 induction is regulated by the zinc cluster-containing transcription factor Pdr3 and the histone H2B ubiquitin ligase Lge1 [38] . It is unclear if this response only occurs upon complete loss of mitochondrial DNA and what its function would be. One option is that it evolved as an adaptive mechanism to protect cells against mitochondrial poisoning by toxins made from neighboring cells.
The hypoxic signaling pathway: Another form of signaling emanates from the mitochondrial respiratory chain and induces nuclear hypoxic genes under hypoxic conditions [39] . It has been suggested that this is mediated through the production of ROS generated by the OXPHOS machinery when oxygen levels are low [40] . In yeast this response induces expression of Sod1 (Super Oxide Dismutase 1) [41] , however the signaling pathway is unclear. In mammalian cells it has been suggested that ROS act through the stabilization of the hypoxia-inducible-factor HIF-1α [42] but there is no clear homologue of HIF1 in yeast. Nevertheless, exogenous addition of oxidants did not result in the induction of hypoxic genes [39] , suggesting that ROS alone are not sufficient to induce hypoxic signaling and that there are additional ways by which mitochondrial respiration affects these genes. Supportive of this is the finding in yeast that mitochondria produce nitric oxide (NO) under hypoxic or anoxic conditions and that as cells move from normoxia to anoxia the levels of protein tyrosine
This article is protected by copyright. All rights reserved. nitration is increased in a protein-specific manner [39] . This suggests that NO and superoxide, produced by the respiratory chain complexes function, combine and form peroxynitrite (ONOO − ). Then, tyrosine protein nitration, protein S-Nitrosation, and protein carbonylation are involved in the hypoxic signaling pathway. Supporting this model is the finding that NO induces the expression of yeast CYC7, a hypoxic nuclear gene, however this model is still controversial and more studies should be performed to test its validity [39] .
Mitochondrial unfolded protein response (mtUPR): One additional functional change that can be sensed within mitochondria is a change in protein folding capacity (i.e. increase in damaged proteins or decrease in chaperones) [43] resulting in accumulation of unfolded proteins. In this case, a signal transduction cascade to the nucleus must be activated to restore folding homeostasis. Such a response has been dubbed the Mitochondria Unfolded Protein Response (mtUPR).
The mtUPR has been most intensively studied in Caenorhabditis elegans but also in flies and mammalian cells. Although the exact mechanism of mtUPR activation even in C. elegans is still controversial, it was shown to involve the protease Clpp, which digests unfolded proteins in the matrix. The ABC transporter, HAF-1, then transports the resulting peptides from the matrix to the intermembrane space, and in an unknown mechanism, negatively regulates mitochondrial protein import. This results in cytosolic accumulation of the mitochondrial transcription factor ATFS-1, which then translocates to the nucleus and together with UBL-5 and DVE-1 activates genes involved in recovery from mitochondrial stress, such as the chaperone HSP-60 [44, 45] . In mammalian cells, the UPR upregulates CHOP (C/EBP homologous protein), which dimerizes with members of the C/EBP (CAAT/enhancer-binding protein) family and regulates expression of mitochondrial stress genes containing a MURE (Mitochondrial Unfolded Protein Response Element) [3, 46] . The mtUPR has been studied mainly in vertebrates and it is not yet clear whether it exists in yeast or how it functions. A first clue for the conservation of the response is that yeast deficient in the prohibitin complex (an inner mitochondrial membrane complex which is involved in mitochondrial protein folding, electron transport chain assembly, and regulation of mitochondrial proteases) also causes upregulation of the mitochondrial chaperone Hsp60 [47] . Since damaged or unfolded mitochondrial proteins that are not removed were shown to be involved in several age-related degenerative diseases [48], the mtUPR is an important homeostatic pathway and further studies in yeast, as well as vertebrates, are warranted.
One pathway that contributes to mitochondrial proteostasis has been described in yeast. This pathway is induced upon loss of membrane potential. Since import of most mitochondrial proteins requires a mitochondrial targeting sequence (MTS) and MTS import requires membrane potential, this results in a massive accumulation of mitochondria precursors in the cytosol [49, 50] . This was recently shown to induce the activation of the proteasome and to attenuate the cytosolic synthesis of proteins [51] . This newly identified pathway, which was termed UPRam (Unfolded protein response activated by mistargeting of proteins), links defects in mitochondrial biogenesis with proteasome activity, thus buffering the consequences of physiological slowdown in mitochondrial protein import. Interestingly, the
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Apoptotic signaling: The existence of apoptosis in yeast has been a long standing controversy. Although the canonical caspase signaling cascades do not occur in yeast it is evident that yeast has inherent capacity to regulate cellular death in manners that have conserved characteristics of apoptosis such as localization of phosphatidylserine to the outer leaflet of the plasma membrane, DNA fragmentation and chromatin condensation [53] . In addition yeast possess many proteins with conserved functions in the cell death machinery including caspase orthologues [54] , apoptosis inducing factors [55, 56] , inhibitor of apoptosis (IAP) proteins [57] and a BH3 domain-containing protein [58] . Mitochondria were shown to have a major involvement in apoptosis in yeast: cytochrome C release, de-polarization of the membrane potential and mitochondrial fragmentation, were all linked to the programmed cell death [59] . Mitochondria-nucleus signaling is also involved in this process. Upon apoptosis, the conserved mitochondrial Apoptosis Inducing Factor 1 (Aif1) is released from mitochondria and shuttles to the nucleus. Overexpression of Aif1 sensitizes yeast to peroxideinduced cell death while mutations in Aif1 inhibit cell death. Aif1 translocation and mitochondrial regulation in yeast are not understood [60] . Since Aif1 was shown to be responsible for efficient respiration in mammals and yeast [61] , the deadly effects of AIF translocation to the nucleus were suspected to be due to respiratory chain inhibition. However an additional study showed that a non-releasable AIF mutant, which is anchored to mitochondria and maintains its function in efficient respiration, failed to induce cell death in mice [62] , suggesting that it is indeed the actual translocation to the nucleus and not disconnection of AIF from mitochondria that induces apoptosis. In support of this notion, it was shown that C. elegans AIF translocation to the nucleus is enough to induce DNA fragmentation. Nuc1, the yeast endonuclease-G (EndoG) orthologue, also translocates from mitochondria to the nucleus upon apoptosis induction [63] . While deletion of Nuc1 inhibits apoptosis when mitochondrial respiration is enhanced, it increases necrotic death when oxidative phosphorylation is repressed. Thus additional mitochondrial proteins may yet be discovered to play a role in apoptotic signaling.
The iron signaling cascade: Iron is crucial for cellular function as it is essential for enzyme catalysis and substrate binding, electron-transfer reactions, DNA replication, DNA repair and more. Mitochondria are major iron storage hubs in eukaryotes as they house the bulk of the machinery required to form iron sulfur clusters (ISC) and heme centers. The mitochondrial production of ISC allows the maturation of all cellular iron sulfur proteins [64] . In yeast, the primary response to iron deficiency is controlled by the transcription factors Aft1 and its less characterized paralog Aft2. The Aft1/2 signaling cascade originates in
This article is protected by copyright. All rights reserved. mitochondria with the export of an unknown mitochondrial ISC product via the conserved, inner membrane ABC transporter, Atm1 [65, 66] . Under iron-replete conditions this sulfurcontaining product is exported and provides sulfur for cytosolic ISC biosynthesis as well as inducing the multimerization of Aft1/2, which favors export of Aft1/2 from the nucleus via interaction with the exportin Msn5 [67] . One suggested mechanism for how this occurs is through the utilization of the ISC to build a Fe2S2 cluster which allows the dimerization of the glutathione-dependent oxidoreductase,Grx3, and its paralog Grx4 [68] , together with the cytosolic proteins Fra1 and Fra2 (Fe Repressor of Activation) [69] . The complex of Grx3/4 and Fra1/2 leads to the dimerization of Aft1/2 [70] . During iron depletion there is a reduction in export due to limiting iron, Aft1/2 monomerizes enabling it to become nuclear [70] . Nuclear Afts activate the expression of ~30 genes which are involved in iron import across the plasma membrane, iron transport to the vacuole, and mitochondrial iron metabolism and are collectively called "the iron regulon" [64] . Under iron deficiency, Aft1/2 also induce the expression of Cth1 and Cth2, which are mRNA binding proteins that facilitate mRNA decay. The mRNA targets of Cth1/2 encode for proteins involved in many processes, including respiration, TCA-cycle, heme biosynthesis, ISC biogenesis and more [71] . Thus in this rapid, first line of response, Cth1 first acts to downregulate non-essential iron-rich pathways such as respiration, while Cth2 downregulates other iron-dependent metabolic pathways and vacuolar iron storage, allowing adaptation to rapid changes in iron bioavailability [72] . An additional iron-dependent transcriptional regulator, Yap5, was shown to respond to ISC levels in mitochondria. However Yap5 mediates the inverse response: sensing high, potentially toxic, iron levels and activating protective measures [70] . The mechanisms underlying the regulation of Yap5 are less characterized, but one of the outcomes of its activity is to allow the sequestering of the excess iron in the vacuole, by upregulating the transcription of the vacuolar iron transporter Ccc1 [73] . Under normal growth most reduction of ISC availability sensed by Aft1/2 forms due to reduced iron availability. However, loss of mtDNA has also been shown to cause a reduction in ISC formation due to loss of membrane potential and impaired import of ISC biosynthesis enzymes. Hence loss of mtDNA also activates the iron signaling cascade [74, 75] . Importantly, such conditions should affect not only ISC biosynthesis but also heme formation and hence it is interesting to note that each have their own unique signaling pathway (see below).
Heme signaling: Heme (iron protoporphyrin IX) is an essential molecule for numerous living organisms, which plays critical roles in oxygen sensing and utilization, signaling, respiration and as a prosthetic group in enzymes. The synthesis of heme begins and ends in mitochondria with an interim part of the pathway occurring in the cytosol [76] . In yeast, the transcription factor Hap1 is a key mediator of heme signaling. Hap1 consist of seven heme-responsive motifs and three repression modules, all of them responsible for coupling heme levels with Hap1 activation [76] . Under aerobic conditions, heme is synthesized in mitochondria, and as heme concentration increases, so does the activation of Hap1. Hap1 can bind and promote the expression of genes important for respiration and control of oxidative damage [77] [78] [79] , including upregulating the expression of a repressor for genes required for anaerobic growth [77] [78] [79] [80] . Hap1 is repressed in the absence of heme, and
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Amino acids response: Arginine is the major amino acid whose biosynthesis occurs in mitochondria. It is therefore not surprising that mitochondrial function is coupled to signaling responses controlling arginine biosynthesis. It was recently shown that genes involved in the synthesis of arginine were highly induced upon mtDNA loss [74] . Moreover, a significant reduction in the expression of two genes involved in aromatic amino acid catabolism, ARO9 and ARO10, occurred as a result of the loss of mtDNA. Although the signaling events that are responsible for this response are yet to be elucidated, it was shown that these changes were reversed by inhibition of the glucose-sensing PKA pathway [74] . Loss of mtDNA results in impaired TCA cycle and OXPHOS, which can lead to impaired production of the carbon skeleton molecules that are involved in amino-acid biosynthesis. Therefore these changes in amino-acid metabolism might be the result of the need for maintaining amino acid levels in cells lacking mtDNA [74] .
Mitochondrial products directly modulating protein activity:
Signaling cascades are essential for transducing information from the mitochondria to the nucleus culminating in activation of transcription factors and a transcriptional response. However, information about mitochondrial status can also be conveyed directly by coupling regulatory proteins to sense the products of mitochondrial production. Theses regulators will change in their behavior in response to an increase or decrease in mitochondrial products. Below are some small metabolites that have functional affects on proteins thus transmitting signals on mitochondrial state (Figure 2 ).
Nicotinamide adenine dinucleotide (NAD+):
This vital cofactor plays a central role in energy metabolism and as a major redox carrier. In mitochondria, NADH molecules are produced by the TCA cycle, and then together with molecules produced by glycolysis in the cytosol, are oxidized by the electron transfer chains in order to form the proton gradient necessary for ATP production [85] . Therefore, respiration is a major contributor to NADH oxidation into NAD+. In mammalian cells NAD+ levels are 2-4 fold higher in mitochondria than in the rest of the cell [85] . NAD+ affects signaling in two major ways [86] : First, many deacetylases of the sirtuins family, which are highly conserved from bacteria to humans, are NAD + dependent [87] . The histone deacetylase Sir2 was identified as part of the Sir1/2/3/4 silencing complex in yeast, which is required for the maintenance and repression of many genes through formation of compact chromatin states. Therefore, normal generation of NAD + as cofactor is essential for formation of this basal state [88] . NADH is a competitive inhibitor of Sir2, therefore reducing NADH levels, either by increasing respiration or by genetic manipulations results in Sir2 activation [88, 89] . However, it remains to be seen whether under physiological conditions NADH levels would indeed act as effective inhibitors of this deacetylase [90] .
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Second, during DNA damage in worms and flies it was shown that NAD + is utilized by Poly(ADP-ribose) polymerases (PARPs) [85] . PARP inhibitors were shown to increase mitochondrial translation, without changes in cytosolic translation rates [91] . This imbalance between the two translation machineries resulted in the induction of mtUPR and upregulation of Hsp60 [92] . Thus NAD + utilization by PARPs is important to synchronize expression from the nuclear and mitochondrial genomes. It is unclear if also in yeast a similar mechanism exists. Acetyl Coenzyme A (Acetyl-CoA): Acetyl-CoA is a crucial molecule that serves as the fuel for the mitochondrial TCA cycle and ATP production under aerobic conditions. Acetyl CoA is also the major building block for cellular components such as lipids, amino acids, nucleotides and more. To this end, the levels of Acetyl-CoA must be tightly monitored to ensure that an optimal balance between ATP and building blocks is achieved at any given moment. It is therefore quite intriguing that the exact same molecule is used by histone acetyl transferase (HAT) enzymes to modify histone tails and to change the epigenetic state of chromatin [93, 94] . Indeed, Acetyl-CoA levels were shown to fluctuate dramatically over the yeast metabolic cycle and this fluctuation affects the acetylation state of the promoters of different genes. Interestingly, at the peak of the metabolic cycle, when acetyl-CoA levels are highest, the promoters that are differentially acetylated and therefore activated are those encoding for proteins and RNAs that are required for cell growth. This precise relationship, of high acetyl-CoA levels and induction of growth genes probably represents the regulatory pathway that allows cells to link the commitment of cell growth and division to their nutritional state.
Additional mitochondrial produced metabolites: In the signaling section we discussed how mitochondrial metabolites such as Heme and ISC can affect transcriptional responses. However, ISC, Heme, nucleotides and many other mitochondrial products can affect cellular changes by simply modulating the activities of the many enzymes that rely on them for function. Hence it is no surprise that impaired mitochondrial function and inability to efficiently produce these metabolites and co-factors leads to a widespread effect on cell wellbeing, such as chromosomal instability, DNA damage repair and antioxidant defense.
Dual targeted mitochondria proteins:
Another possible way by which mitochondria can communicate with the nucleus is through proteins with dual localization (termed echoforms [95] ) ( Figure 3 ). The relative concentration of the echoforms in each specific organelle might transfer signals regarding the other organelles' state. As targeting into mitochondria requires mitochondrial function, unbalanced movement of mitochondrial proteins to other compartments is an obvious signal for a change in mitochondrial well-being [96, 97] . An example for such a protein in yeast is fumarase (Fum1), a conserved enzyme that participates in the TCA-cycle in mitochondria. This enzyme is essential for cellular respiration in all eukaryotes [98] . Fumarase has an additional cytosolic form that translocates
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to the nucleus upon DNA damage. In the nucleus, the product of the reaction mediated by fumarase, fumaric acid, is necessary for efficient DNA damage response. It may be that during DNA damage mitochondrial proteins required for respiration are not accurately formed and this leads to loss of membrane potential leading to more Fumarase in the nucleus. Although the dual localization of fumarase is achieved by different molecular mechanisms in different organisms, the dual localization of fumarase is highly conserved attesting to its importance [98].
Another interesting example is Nfs1, a highly conserved mitochondrial cysteine desulfurase that participates in iron-sulfur cluster assembly [98] . Nfs1 harbors both a MTS and a nuclear localization sequence (NLS). In this case, both the mitochondrial and nuclear echoforms are essential for viability in yeast. Nfs1 is processed in mitochondria by the mitochondrial processing protease (MPP) followed by the mitochondrial aminopeptidase Icp55. Interestingly, Icp55 was also found to distribute between mitochondria and the nucleus, however it is still unknown whether processing of Nfs1 by Icp55 occurs in the nucleus [99] . It may very well be that under mitochondrial stress, enhanced Nfs1 in the nucleus may, directly or indirectly, promote mitochondrial well-being. A third example for a dual located protein is Rpm2, a subunit of the mitochondrial tRNAprocessing enzyme RNase P. This protein has a role in tRNA maturation as well as maturation of Rpm1r, the RNA subunit of RNase P [100]. A portion of Rpm2 was shown to localize to the nucleus and has a transcriptional activation activity there. Rpm2 has a role in defining the levels of mRNAs for some mitochondrial proteins that are encoded by the nucleus. In cells with dysfunctional mitochondria, Rpm2 affects the levels of mRNAs encoding certain components of the translocases of the outer membrane (TOM) complexes, as well as mitochondrial heat shock proteins (HSPs). Thus it is clear why the exact level of Rpm2 in the nucleus would affect mitochondrial balance. Recent studies suggest that hundreds of mitochondrial proteins, a significant proportion of the mitochondria proteome, have the capacity to be dual targeted [101] . Moreover, dual-targeted proteins are found to be more evolutionarily conserved indicating that they have specific functions in the different locations [102] . How these proteins transmit information on their respective targeted organelles is yet unclear and this method of communication is obviously currently underexplored.
Summary:
As mitochondrial communication is becoming more actively studied, more pathways transferring information between mitochondria and the nucleus are emerging. In the majority of cases the exact mechanisms underlying these pathways are not fully understood. Many of the discovered pathways focus on extreme conditions such as complete changes in carbon source or loss of mitochondrial DNA but the time has come to assay more physiological changes such as small fluctuations in ISC, Heme, Arginine, ATP and pyrimidines.
One important challenge of this field is to ascertain how many pathways really exist. For many of the pathways it is impossible, by the published data, to accurately assign whether they are really an independent response or rather part of a more general signal transduction
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This article is protected by copyright. All rights reserved. cascade that can be modulated based on conditions to give rise to several outcomes. As most studies are done in different conditions with different genetic backgrounds, it is hard to determine how many distinct signaling pathways between mitochondria and the nucleus truly exist. Specifically in the future it would be important to accurately assign for each pathway:
1. What are the signals that activate it directly? 2. What are the proteins (or other molecules) that transmit the signals from mitochondria all the way to the nucleus or cytosol?
3. What are the primary outcomes of this signaling pathway?
With each new pathway now discovered it would be important to first ascertain that the response is not simply one that has been described before. To date, the most characterized signaling pathway between mitochondria and the nucleus is the retrograde response, the hallmark of which is activation of the RTG-dependent genes. Several additional pathways, which were discussed in the review, were reported to work in parallel to the retrograde response but it is hard to determine whether they are indeed retrograde-independent. Many of these pathways were considered distinct due to lack of induction of the retrograde-dependent genes; however they were not tested under conditions where the RTG proteins are absent. Therefore they might actually represent a broader and indirect outcome of the same signaling pathway under different genetic background or conditions. Strengthening this is the fact that different yeast strains show variability in the extent of their retrograde response as a result of mtDNA loss. Under the same conditions, some strains display RTG activation when grown on glucose, while others only show the reaction when grown on raffinose [28] . Therefore, in order to determine the exact outcome of different types of mitochondrial dysfunction, more studies, which are done under the same conditions, should be carried out. A single study which measures different mitochondrial insults and their outcomes, in the absence or presence of key proteins mediating the different pathways will help mapping the different responses and proteins mediating them.
More generally in the future it would be essential to start mapping how these pathways interconnect or affect each other, how many of them are conserved, whether they are homeostatic (maintaining correct balance of the various functions) or rather pathological (reactive to extreme conditions in an aim to survive). All of these and more are yet unclear and make this field an intriguing focus of the future.
